We have recently shown that (a) human melanocytes express the p75 nerve growth factor (NGF) receptor in vitro; (b) that melanocyte dendricity and migration, among other behaviors, are regulated at least in part by NGF; and (c) that cultured human epidermal keratinocytes produce NGF. We now report that melanocyte stimulation with phorbol 12-tetra decanoate 13-acetate (TPA), previously reported to induce p75 NGF receptor, also induces trk in melanocytes, and TPA effect is further potentiated by the presence of keratinocytes in culture. Moreover, trk in melanocytes becomes phosphorylated within minutes after NGF stimulation. As well, cultures of dermal fibroblasts express neurotrophin-3 (NT-3) mRNA; NT-3 mRNA levels in cultured fibroblasts are modulated by mitogenic stimulation, UV irradiation, and exposure to melanocyte-conditioned medium. Moreover, melanocytes constitutively express low levels of trk-C, and its expression is downregulated after TPA stimulation. NT-3 supplementation to cultured melanocytes maintained in Medium 199 alone prevents cell death. These combined data suggest that melanocyte behavior in human skin may be influenced by neurotrophic factors, possibly of keratinocyte and fibroblast origin, which act through high affinity receptors. (J. Clin. Invest. 1994. 94:1550-1562
Introduction
Melanocytes are neural crest-derived cells that migrate to the epidermis early in embryonic life (1) and subsequently synthesize and distribute melanin through dendritic processes to surrounding keratinocytes. Basal skin color largely results from its melanin content and distribution, and exposure to UV irradiation stimulates increased pigmentation or tanning as a protection against further photodamage (2) . Little is known about the regulation of melanocyte growth and melanin synthesis, although recent identification of several melanocyte growth factors and inducers of melanogenesis have contributed to our understanding of this fastidious cell (2) . We have recently growth factor (NGF)' receptor in vitro by a variety of pharmacologic and physiologic stimuli including UV irradiation (3) , and that NGF is chemoattractant to melanocytes, induces dendricity, and modifies their gene expression (4) . Moreover, we and others have shown that keratinocytes, the predominant epidermal cells that interact with melanocytes, constitutively produce NGF, and NGF production is upregulated after UV irradiation (5, 6), suggesting a major paracrine role for keratinocytes in the regulation of melanocyte function.
Recently, it was found that NGF is a member of a small gene family encoding structurally and functionally related proteins called neurotrophins (NTs) which differ from each other in their effects on specific neuronal populations (7) . NGF is the best studied (8) , but the other neurotrophic factors, brainderived neurotrophic factor (BDNF) (9, 10) , (11) (12) (13) (14) (15) , and NT-4 (16) share almost 60% amino acid homology with each other and with NGF, but have distinct range of biological activities (17) that are mediated through binding to specific receptors. Neurotrophic factors interact with at least two classes of cell surface receptors. One of these receptors is the 75-kD GP p75 NGF receptor (18, 19) . This receptor binds NGF, BDNF (20), (21) , and (16) with equal affinities in the nanomolar range, but it is not alone sufficient to mediate signal transduction processes (18, 19) . Recent studies have shown that neurotrophic factors initiate cellular signaling, as determined by induction of c-fos mRNA, changes in cellular morphology, and increased cell survival (4, (22) (23) (24) , by binding additionally to tyrosine protein kinase receptors trk, trk-B, and trk-C. These receptor components confer binding specificity for the different neurotrophins. trk binds NGF and NT-3 (19, 22, 23, 25) , while trk-B binds BDNF and NT-3 but not NGF (21, 23, 26) . trk-C binds only NT-3 and does not bind the highly related neurotrophic factors NGF or BDNF (27) . Members of the trk gene family appear to be preferentially but not exclusively expressed in neural tissues (28) (29) (30) . Transcripts of the trk gene, which encodes a 140-kD tyrosine kinase receptor, have been identified in sensory neurons of spinal ganglia and in cranial sensory ganglia (28) . The related tyrosine kinase gene trk-B encodes at least two different proteins of 145 and 95 kD that have identical extracellular domains, but only the 145-kD form has a cytoplasmic tyrosine kinase domain (31, 32) . Transcripts encoding the 145-kD BDNF and NT-3 receptor have been detected in the cerebellar cortex and the hippocampus (30, 32) . Transcripts of trk-C, which encodes a 140-kD tyrosine kinase receptor, have been identified in the hippocampus, the dentate gyrms, and the cerebral cortex (27) .
We now report that melanocytes express both trk and trk-C mRNAs. As well, NT-3 cloned from human skin fibroblast cDNA is strongly expressed by adult and newborn fibroblasts, but not by keratinocytes, the predominant epidermal cell type, previously shown to express NGF (4) (5) (6) 32) . NT-3 mRNA in fibroblasts is strongly modulated by growth signals, by UV irradiation, and by exposure to medium conditioned by melanocytes. Moreover, trk in melanocytes becomes phosphorylated within minutes after NGF stimulation, and melanocytes synthesize trk protein after stimulation with 12-tetra phorbol decanoate 13-acetate (TPA). TPA is a phorbol ester that binds and activates the calcium/phospholipid-dependent protein kinase C (PKC) (33, 34) . The activation of PKC results in the phosphorylation of a number of intracellular proteins (35) (36) (37) (38) (39) that may play a role in triggering early events including cell proliferation (40) , regulation of protooncogenes (41-43), and rearrangement of cytoskeleton components (44) (45) (46) . PKC activation in melanocytes leads to the formation of stable dendritic processes within hours (47) , suggesting that in melanocytes, PKC plays a role in cytoskeletal organization. TPA effect on trk in melanocytes is further potentiated by the presence of keratinocytes. Furthermore, melanocytes maintained in medium depleted of growth factors are rescued from cell death by NT-3 supplementation, like other neural crest-derived cells treated with NT-3 (14, 15) . Thus, melanocytes are capable of expressing high affinity receptors for NGF and NT-3; these neurotrophic factors are produced in vitro by keratinocytes and fibroblasts, respectively, cells that are adjacent to the melanocyte in vivo; the expression of NGF and NT-3 by these cells is modulated by stimuli known to alter melanocyte function in vivo. These data strongly suggest a physiologic role for these neuroregulatory proteins in controlling the differentiated function of the melanocyte in human skin.
Methods
Cell source. Normal human fibroblasts (48) , keratinocytes (49) , and melanocytes (50) were established from neonatal foreskin or adult skin biopsies and maintained as described. Cells were serially passed at confluence and used at second to fourth passage, at which time, for each type of cell, culture is essentially homogeneous, although the presence of a rare contaminating macrophage or other cell type cannot be completely excluded. Cells were routinely used at their confluent growth phase. For confocal microscope analysis, keratinocytes, melanocytes, or keratinocyte/melanocyte cocultures were grown on glass slides (Labtek; Nunc Inc., Naperville, IL) in the appropriate medium.
Because 50 ng/ml TPA is known to induce p75 NGF receptor (3), melanocytes were treated for 1 d with 50 ng/ml TPA. Duplicate cultures were provided 10-100 ng/ml TPA for 1 d. In experiments investigating trk phosphorylation, TPA was removed from Medium 24 h before addition of NGF to ensure resynthesis of PKC and to eliminate stimulation of secondary messengers (i.e., raf isoforms) known to be activated by PKC (51, 52) . 50 ng/ml NGF was added for 5 min to melanocytes maintained in Medium 199 alone.
In experiments investigating NT-3 effect on melanocyte survival, melanocytes were maintained for 3 d in Medium 199 lacking growth factors, and then were stimulated with 50 ng/ml or 100 ng/ml recombinant human NT-3 (PeproTech, Inc., Rocky Hill, NJ), or diluent alone. Cell yields were determined 72 h after stimulation.
The well-differentiated squamous cell carcinoma line SCC-12F was provided by Dr. J. Rheinwald (Brigham and Women's Hospital, Boston, MA) and was grown in DME supplemented with 5% FCS as described (53) . Fibroblasts were cultured in DME containing 10% FCS (GIBCO BRL, Gaithersburg, MD) and were used at 80% confluence. Two established melanoma cell lines were used: CRL 1619 were purchased from American Type Culture Collection (ATCC, Rockville, MD), and the MM4 human melanoma cell line was provided by Dr. U. Stierner (University of Goteborg, Goteborg, Sweden). CRL 1619 were grown in DME with 10% FCS. MM4 were grown in 55% DME, 29% L15, 15% FCS, 1% nonessential amino acids (GIBCO BRL), 2 mM glutamine, and 10 Mig/ml insulin. PC12 cells were purchased from ATCC and were maintained in DME containing 10% FCS and 5% horse serum.
Conditioned media. Medium conditioned by keratinocytes for 3 d was obtained from near-confluent keratinocyte cultures maintained in Medium 199 (GIBCO BRL) containing 0.09 mM calcium supplemented with 10 Mtg/ml insulin, 10-9M triiodothyronine, 10 pg/ml transferrin, 2 mg/ml BSA, 1.4 X 10-6 M hydrocortisone, 10 ng/ml EGF, 55 pM inositol, and 36 1M choline chloride. Medium conditioned by melanocytes for 3 d was obtained from confluent melanocyte cultures maintained in Medium 199 containing < 0.03 mM calcium supplemented with insulin, triiodothyronine, transferrin, and hydrocortisone as above, 10 ng/ml fibroblast growth factor, and 5% chelated FBS as described (54 In preliminary experiments, irradiated cultures showed similar cell survival and gene modulation with all three filters. For definitive experiments, keratinocyte and fibroblast cultures were exposed to a single dose of 32 mJ cm-2 (WG 280 and WG 305 filters), and melanocyte cultures were exposed to 2.4 mJ cm-2 (plastic cover), doses that were chosen to fall within the physiologic range of UV expected to reach cells in irradiated human skin after a moderately erythemogenic sun exposure (56) . During UV irradiation, medium was replaced with PBS to avoid formation of toxic photoproducts. Immediately after irradiation, PBS was replaced with medium.
Routinely, PBS was replaced with fresh medium. However, to prevent downregulation of NT-3 mRNA, which is observed in fibroblasts after fresh medium supplementation (see Fig. 9 ), cell medium was collected before UV irradiation of fibroblasts, and the cells received back their old medium after irradiation. Keratinocytes and melanocytes were provided fresh medium for periods of 8-24 h before collection. Sham-irradiated control cultures were handled identically, but placed under a dark cloth adjacent to the UV beam. Keratinocyte-conditioned medium and melanocyte-conditioned medium were collected 16 h after irradiation. Fibroblast cultures were harvested for Northern blot analysis 1, 4, 6, 8, and 24 h after irradiation. Cell viability after UV irradiation measured by trypan blue exclusion was 2 84%.
RNA isolation. Total cellular RNA was isolated as described (57) . Cell cultures were harvested in a 4.0-M guanidinium thiocyanate solution and passed repeatedly through a 22-gauge needle to shear the DNA and reduce the viscosity of the sample. RNA was then centrifuged through a cushion of 5.7 M CsCl, resuspended in RNase-free H20, and precipitated with 0.1 vol of 3 M NaOAc (pH 5.4) and 2.5 vol of 100% ethanol. The final RNA pellet was resuspended in RNase-free H2O, and the RNA concentration and purity were calculated by absorption at 260 and 280 nm.
Northern blot analysis. Cellular RNA was fractionated on 1% agarose/6% formaldehyde gels and transferred overnight in 20x SSC by capillarity to membranes (Hybond-N; Amersham Corp., Arlington Heights, IL) as described (57) . After transfer, the RNA was covalently linked to the nylon membrane by exposure to UV light (Stratalinker 1800; Stratagene, La Jolla, CA). The probe for trk was a 1.21-kb human cDNA (ATCC no. 41055) (58) . The probe for glyceraldehyde-3-phosphate dehydrogenase was a 1.2-kb human cDNA (ATCC no. 57090) (59) . The probe for NT-3 was generated from 100-300 ng sequenced NT-3 cDNA. Radiolabeling of cDNAs was carried out using [32P]dCTP (New England Nuclear, Boston, MA) and the oligonucleotide-primed DNA labeling system (Pharmacia Fine Chemicals, Piscataway, NJ) following the directions of the manufacturer. The unincorporated [ 32p] dCTP was separated from the labeled DNA by centrifugation through a mini-spin column as recommended by the manufacturer (G50; Worthington Biochemical Corp., Freehold, NJ). Blots were prehybridized for 4-6 h in hybridization solution at 450C, hybridized overnight with 5-10 X 106 cpm-labeled cDNA at 450C, washed as described (60) , and autoradiographed with XAR film (Eastman Kodak Co., Rochester, NY). Blots were developed after overnight exposure at -70'C. Analysis of autoradiographic band intensity was performed with a densitometer using the one-dimensional GSXL software program (Pharmacia LKB Biotechnology Inc., Piscataway, NJ) with manual identification of peaks and baselines.
Neurotrophins Affect Melanocytes through trk Receptors
PCR generation of cDNAs. Human NT-3 cDNA was generated from newborn fibroblast RNA. Human trk and trk-C cDNA were generated from newborn melanocyte RNA as described (61) (Table I ). Briefly, 10 1.g total RNA in a 20-pl vol was reverse transcribed using oligo dT12-18 (Pharmacia Fine Chemicals) as a primer. Reverse transcription was carried out for 2 h at 42°C followed by a 5-min heating at 95°C. After cooling on ice, 2 U of RNase H (GIBCO BRL) was added and the sample incubated at 37°C for 20 min. A 1-,ul aliquot of this reverse transcription product (0.5 Mig of cDNA) was then amplified with 15 pmol each of forward and reverse primers (20 nucleotides long) in a 100-pl reaction volume using reagents from the Gene Amp kit (PerkinElmer Cetus Instruments, Norwalk, CT). For PCR amplification, primers were derived from the published rat cDNA sequences of NT-3 (14) and porcine cDNA sequences of trk-C (27) . trk-C primers were constructed to correspond to nucleotide sequences not shared between human trk and porcine trk-C. trk primers were derived from published human trk sequences located at the 3' end of the trk oncogene (58, 58a).
To examine trk and trk-C expression, initially 40 cycles of amplification were performed on cDNA, as well as on RNA, from each sample to assure no contamination of RNA samples with genomic DNA. Subsequently, all PCR reactions were terminated at the exponential phase of amplification (20 cycles), which was found to be sufficient for optimal detection of trk and trk-C expression and allowed quantitative analysis of mRNA transcripts (see Fig. 1 E) . Denaturation was performed at 95°C for 1 min, primer annealing at 45°C for 1 min, and DNA polymerization at 72°C for 1 min in a microcycler (Eppendorf North America, Inc., Madison, WI). DNA products were analyzed on 3% agarose gel in 1 x TAE and stained with ethidium bromide. For asymmetric PCR amplification, to generate single-stranded DNA, one primer (either the 5' or 3' primer) was used at a concentration of 50 pM and the other primer was used at a concentration of 1 pM.
Generation of the NT-3 cDNA 3' end was carried out using the RACE (rapid amplification of cDNA ends) procedure as described (62) .
Reverse transcription was carried out using a "hybrid" primer consisting of oligo-dT linked to a unique "double-adapter" sequence [(dT)17-RI-Ro] provided by the manufacturer (Perkin-Elmer Cetus Instruments). PCR amplification was carried out as described above using the hybrid primer [(dT)17-R1-Ro] and an NT-3-specific primer based on our initial human NT-3 cDNA sequence.
Cloning and sequencing. Single-stranded DNA was sequenced using the chain termination method of Sanger et al. (63) . Double-stranded, PCR-generated cDNAs were first treated with DNA polymerase I large fragment (Klenow fragment) to fill in any incomplete strands. The entire PCR sample was adjusted to 10 mM MgCl2, then 6 U Klenow enzyme (Pharmacia Fine Chemicals) was added to the reaction and incubated at room temperature for 20 min. The DNA fragment to be cloned was then recovered from a 1.5% agarose gel using the Geneclean kit as suggested by the manufacturer (BIO 101, Inc., La Jolla, CA). The 5' ends of the DNA were phosphorylated by incubating the isolated DNA fragments in 20 Mil of lx kinase buffer (Pharmacia Fine Chemicals), 1 mM ATP, and 20 U T4 polynucleotide kinase (Pharmacia Fine Chemicals) for 30 min at 37TC. The sample was again run on an agarose gel and the DNA isolated and cleaned as before.
The vector pBluescript SK+ (Stratagene) was prepared by digestion with EcoRV (GIBCO BRL). Then, the cut vector was isolated from an agarose gel as described above. To prevent religation of cut vector, the restricted DNA was treated with 100 U bacterial alkaline phosphatase The ligation reaction was used to transform competent XLI-Blue cells (Stratagene) as described (57) . Transformed cells were selected on ampicillin plates containing isopropylthiogalactoside and Bluo-Gal (GIBCO BRL) to help identify colonies containing inserts. All ampicillin-resistant colonies were transferred to membranes (Duralose-UV; Stratagene), denatured, and fixed according to the manufacturer. Bacterial lifts were screened with 32P-labeled NT-3 cDNA previously sequenced after asymmetric PCR amplification as described (57) . Positive colonies were grown overnight in 3-ml mini-preps, and the plasmid DNA was isolated by a lysozyme boiling method described by Stratagene for pBluescript vectors. Double-stranded DNA was denatured in 0.2 M NaOH, 0.2 mM EDTA for 5 min at room temperature, neutralized with 0.4 M ammonium acetate, pH 5.4, and precipitated with 2 vol of 100% ethanol. The denatured DNA was sequenced using the chain termination method of Sanger et al. (63) .
Southern blot analysis. Aliquots from PCR-generated trk and trk-C cDNA samples, usually 10-20 pil, were separated on 3% and 1.5% agarose gels. After electrophoresis, the 3% gels were stained with ethidium bromide and photographed, while the DNA on the 1.5% gel was nicked by soaking the gel in 0.2 N HCO for 10 min, denatured by soaking in 0.5 M NaOH, 1.5 M NaCl for 50 min, and neutralized in 1 M Tris HCl pH 8.0, 1.5 M NaCl for 50 min. DNA was transferred to Hybond-N membranes overnight by capillarity in lOx SSC and, after linking of the DNA to the nylon membrane by exposure to UV light, the membrane was stained with ethidium bromide and the molecular weight standards were marked. 10 ng each of 1.21-kb trk cDNA (ATCC no. 41055) (53), a 0.995-kb porcine trk-C cDNA (ATCC no. 41063) (27) (Fig. 1 A) . The specificity of the generated band was examined by Southern blot analysis. PCR products of control and TPA-stimulated melanocytes were hybridized to 32P-labeled human trk cDNA (58) , TPA-stimulated melanocyte cDNA showed strong hybridization to the 162-bp band, verifying the specificity of the band, and the control monocyte cDNA showed a fainter band (Fig. 1 B) .
To rule out the possibility that the amplified band represents trk-C or trk-B, triplicate blots were hybridized with equal amounts of radiolabeled trk, trk-C, and trk-B cDNAs with comparable specific activities. Only trk cDNA hybridized to the generated band confirming its specificity (Fig. 1 C) . Samples of melanocyte cDNA that were amplified with sequence-specific human GAPDH primers and processed identically to the first samples confirm comparable amplification of samples (Fig. 1,  A and C) . Samples of melanocyte RNA that were not reverse transcribed but otherwise processed identically to the first samples served as a negative control (Fig. 1, A and C) . Furthermore, total cellular RNA from control or TPA-stimulated melanocytes and PC12 cells was analyzed by Northern blotting for trk expression. trk 3.2-kb transcripts were observed only in TPAstimulated melanocytes (Fig. 1 D) .
To Compared to unstimulated control, there was an approximately fivefold induction of trk mRNA in cultures stimulated with 20-50 ng/ml TPA (Fig. 1 E) .
trk phosphorylation in melanocytes. To determine if NGF induces trk phosphorylation in melanocytes, cells were first stimulated with TPA and were then maintained in Medium 199 lacking growth factors. After 24 h, cultures were stimulated for 5 min with 50 ng/ml NGF or diluent alone. Total melanocyte proteins were processed for Western blotting using anti-phosphotyrosine antibodies. A broad band of -130-140 kD apparent mol mass was seen only in NGF-stimulated cultures (Fig.  2 A) . An additional band migrating below the 116.5-kD standard was seen only in NGF-stimulated cultures.
Duplicate TPA-stimulated cultures were processed for Western blotting using affinity-purified anti-trk antibody. A prominent band of -130 kD apparent molecular mass was seen (Fig. 2 B) . A weaker band migrating at -110 kD was also detected, consistent with a glycosylated trk precursor. However, because the anti-trk antibody used in our study was raised against a peptide that shares 64% and 71% amino acid homology with porcine trk-C and mouse trk-B, respectively (27) , the possibility of the antibody additionally recognizing other forms of trk cannot be excluded.
Expression of trk protein in melanocytes. To further determine if melanocytes express trk protein, TPA-stimulated melanocytes, as well as TPA-stimulated keratinocyte/melanocyte cocultures, were grown on Labtek slides (Fig. 3) . Using indirect immunofluorescence and purified rabbit anti-trk antibodies, TPA-stimulated melanocytes either in pure culture (Fig. 3 A) or in keratinocyte/melanocyte coculture (Fig. 3 C) showed strong surface fluorescence as compared to keratinocytes analyzed at the same laser voltage and intensity (Fig. 3 E) . Again, the possibility of the antibody additionally recognizing other forms of trk cannot be excluded.
Expression of trk-C mRNA in melanocytes. To determine if melanocytes express trk-C mRNA, samples of control or TPAstimulated reverse-transcribed melanocyte RNA were amplified in the PCR technique using primers complementary to porcine trk-C cDNA selected to represent sequences not shared between human trk and porcine trk-C. Samples of melanocyte RNA that were not reverse transcribed but were otherwise processed identically to the first samples served as a negative control. 32p_ labeled porcine trk-C probe strongly hybridized to the predicted 228-bp band in control melanocyte cDNA and displayed only a faint band in TPA-stimulated melanocyte cDNA, confirming that melanocytes express trk-C mRNA primarily under baseline conditions (Fig. 4 A) . Duplicate samples of melanocyte cDNA that were amplified with sequence-specific human GAPDH primers and processed identically to the first samples confirm comparable amplification of samples (Fig. 4 A) . To rule out the possibility that the amplified band represents trk or trk-B, triplicate blots were hybridized with equal amounts of comparable specific activity-radiolabeled trk, trk-C, and trk-B cDNAs. Only trk-C cDNA hybridized to the generated band, confirming its specificity (Fig. 4 B) .
Effect of NT-3 on melanocyte survival. To determine NT-3 effect on melanocytes, confluent cultures were maintained for 3 d in Medium 199 lacking growth factors. Then, cells were stimulated with 50 or 100 ng/ml recombinant human NT-3 or diluent alone. In cultures supplemented for 72 h with NT-3, melanocytes appeared healthy and were spread on the dish surface (Fig. 5 B) . In contrast, melanocytes maintained in Medium 199 alone were dying and detaching from the dish surface (Fig.  5 C) . Cell human trk cDNA (ATCC no. 41055). A strong band is seen in the TPA-stimulated melanocyte cDNA and a fainter band is seen in control melanocyte cDNA. No band is seen in non-reverse-transcribed melanocyte mRNA, excluding the possibility that the trk band was generated from contaminating genomic DNA. (C) Southern blot analysis of PCR products (20 cycles) of reverse-transcribed, TPA-stimulated melanocyte mRNA, and non-reverse-transcribed melanocyte mRNA of the same samples separated on 1.5% agarose gel. The blots were hybridized at the same time to equal amounts of comparable specific activity radiolabeled trk (ATCC no. 41055), trk-C (ATCC no. 41063), and trk-B (ATCC no. 63055) cDNAs. As a positive control for trk B, rat brain cDNA was amplified with trk-B sequence-specific primers (see Table I ) and was hybridized with trk-B cDNA (ATCC no. 63055) (data not shown). A strong band is seen only in melanocyte cDNA hybridized with trk cDNAs. No band is seen in non-reverse-transcribed melanocyte mRNA. Ethidium bromide-stained PCR products of reverse-transcribed melanocyte mRNA amplified with GAPDH primers separated on 3% agarose gel display bands (Fig. 5 A) .
Expression of human NT-3 in skin-derived cells. Because previous studies have demonstrated NT-3 mRNA in adult rat skin (14) , oligonucleotide primers were designed based on the rat sequence and used in PCR amplification of human cDNA obtained from reverse-transcribed RNA of three skin-derived cells: (a) keratinocytes, known to express mRNA for NGF; (b) melanocytes; and (c) fibroblasts. The expected 357-bp band was seen only in fibroblast cDNA and not in keratinocyte or melanocyte cDNA (Fig. 6 ). Sequence analysis of this fragment revealed 100% homology with the published human NT-3 DNA (66) . Based on these results, we concluded that the PCR-generated cDNA represents fibroblast-derived human NT-3 and it was used in subsequent experiments to examine NT-3 mRNA transcription levels.
NT-3 expression was examined by Northern blot analysis in total cellular RNA extracted from human newborn fibroblasts and keratinocytes, a squamous carcinoma cell line SCC12F, and two human melanoma cell lines, MM4 and 1619. NT-3 1.4-kb transcripts were observed only in fibroblasts (Fig. 7) . Because neurotrophic factors are known to be important particularly during fetal development, we wanted to see if NT-3 expression is restricted to newborn cells. Total RNA of fibroblasts from donors aged 23-81 yr was analyzed by Northern blotting for NT-3 expression. NT-3 transcripts were strongly expressed in donors of all ages (Fig. 8) , suggesting a role for NT-3 in the adult organism.
Because neurotrophic factors are believed to be produced by cells in proximity to the target neuron (67) (68) (69) and, at least in the brain, neuronal activity mod4lates their expression in a way that suggests a paracrine interaction (70) , we examined the effect of melanocyte-derived signals on NT-3 expression in fibroblasts. Also, because it was reported that injury to the brain, specifically ischemia or hypoglycemia, modulates neurotrophic mRNA expression (70), we examined the effect of UV irradiation, the best known injurious environmental agent for the skin, and mitogen deprivation on NT-3 expression in fibroblast cultures. Total RNA was extracted from near-confluent fibroblast cultures at different times up to 5 d after provision of fresh medium, and from UV-irradiated fibroblasts. Fibroblasts were also maintained in medium conditioned by keratinocytes or melanocytes, or in medium conditioned by UV-irradiated keratinocytes or melanocytes.
NT-3 1.4-kb transcript level was strongly downregulated by provision of fresh medium within 4 h, then gradually increased 25-fold through 5 d (Fig. 9 A) . Melanocyte-conditioned medium upregulated NT-3 mRNA level within 6 h after stimulation (Fig. 9 B) . No NT-3 mRNA was observed in fibroblasts provided with fresh nonconditioned medium, probably because provision of fresh medium downregulated NT-3 mRNA level in fibroblasts. Medium from UV-irradiated melanocytes did not differ in this regard from medium conditioned by sham-irradiated cells. Different keratinocyte-conditioned media did not affect NT-3 expression by fibroblasts. UY irradiation of fibroblasts downregulated their NT-3 mRNA level > 11-fold ( Fig.  9 C) with more injurious shortwave UV-B-enriched light more effective than shortwave UV-B-depleted light. Molecular cloning and sequence analysis ofthe 3' untranslated region of NT-3. The 3' RACE procedure produced two cDNAs of -500 and 630 bp in length that strongly hybridized to NT-3 cDNA (Fig. 10 A) . These cDNAs were cloned and the previously unpublished sequences are in Fig. 10 B. There is -86% nucleotide sequence homology between rat and human NT-3 in the newly sequenced region of the 3' untranslated area, suggesting that this area may be important potentially for mRNA stability or translation. The last 36 bases in this region were never published in the rat and, therefore, the homology could not be determined. Also, an additional putative polyadenylation signal is present in human NT-3, suggesting that the cDNA RNA two cDNAs produced by the 3' RACE procedure (Fig. 10 A) represent two distinct polyadenylated mRNAs. However, the possibility of two different splicing patterns of the mRNA cannot be excluded.
Discussion
Our experiments demonstrate that human melanocytes express high affinity tyrosine kinase receptors for both NGF and NT-3, and that trk becomes phosphorylated in melanocytes within minutes after their stimulation with NGF. We also show that cultured human fibroblasts strongly express NT-3 mRNA, that of reverse-transcribed control (-) and TPA-stimulated (+) melanocyte cDNA, and non-reverse-transcribed melanocyte mRNA of the same samples separated on 1.5% agarose gel. The blot was hybridized to 32P-labeled porcine trk-C cDNA. A strong band is seen in control melanocyte cDNA and a fainter band is seen in TPAstimulated melanocyte cDNA. No band is seen in nonreverse-transcribed melanocyte mRNA, excluding the possibility that the trk-C band was generated from contaminating genomic DNA. Ethidium bromide-stained PCR products of reverse-transcribed control and TPAstimulated melanocyte mRNA, amplified using sequence-specific human GAPDH primers separated on 3% agarose gel, suggest comparable amplification of both samples. (3, 4) , and that keratinocytes express NGF, this work strongly suggests that melanocytes utilize the same neurotrophin signalling molecules as do central nervous system (CNS) neurons.
Our work documents both trk and trk-C mRNA expression in human melanocytes, and it shows that outside signals such as TPA modulate their expression. We have demonstrated previously that after TPA stimulation, the p75 NGF receptor is Neurotrophin effects on embryonic and adult animal neurons have been extensively studied in culture. Cell degeneration is found to occur in these systems when neurons are maintained in culture in the absence of neurotrophins (8, 9, 14, 15, (67) (68) (69) 71 ) . NT-3 has been shown in vitro to support the survival of developing chick sympathetic, sensory, and dorsal root ganglia neurons ( 14, 15, 72) , as well as quail neural crest neurons (71) . We observe the same effect of NT-3 on melanocytes maintained in medium lacking growth factors. Under these conditions NT-3 prevents melanocyte death.
Studies checking expression of the various neurotrophic factors during embryogenesis in rats (73) found that all neurotrophic factors (NGF, NT-3, and BDNF) begin to be expressed in the developing nervous system on days 11 and 12, and are widely distributed in 12-and 13-d-old embryos. The timing of neurotrophin expression thus coincides with the developmental onset of neurogenesis (73) . Although the onset of gene expression occurs simultaneously for the three neurotrophins, their expression levels differ greatly. NT-3 mRNA is by far most highly expressed during development of the CNS, at which time BDNF is minimally expressed. NT-3 expression is most prominent in CNS regions where proliferation, migration, and differentiation of neurons and their precursors are ongoing, and it decreases dramatically within CNS regions as they mature. Conversely, BDNF expression becomes most prominent in CNS regions as they mature, suggesting that NT-3 and BDNF may act at different times during embryogenesis on the same neuronal population (73) . Within the adult human, CNS, NT-3, and BDNF have similar distributions, and they are expressed mainly in the cerebellum, hippocampus, basal ganglia, and nuc basalis (13, 66) . However, they have dramatically different patterns of expression within the adult human peripheral tissues. NT-3 is expressed in all tissues surveyed: heart, lung, kidney, liver, eye, and placenta. In contrast, BDNF transcripts are detected only in the heart and lung, suggesting a wider range of activities for NT-3 (13, 66) .
To examine NT-3 expression and modulation in fibroblasts, we used NT-3 cDNA cloned from human fibroblasts as a probe. We found a high level of expression of NT-3 mRNA in fibroblasts of newborns as well as adult donors of different ages, suggesting a possible role for NT-3 in postnatal and adult skin, presumably involving melanocytes that express receptors to NT-3.
Modulations in NT-3 expression were reported in adult rat brain after injury that resulted in ischemic and hypoglycemic coma (66) . While NGF and BDNF mRNAs are markedly increased after these insults, NT-3 mRNA is reduced. We found significant downregulation of NT-3 mRNA in fibroblasts after UV irradiation, in contrast to the previously reported upregulation of NGF mRNA and bioactivity in UV-irradiated keratinocytes (5) . UV is known to affect membrane phospholipid constituents whose derivatives may act as second messengers through the activation of phospholipase C, which releases diacylglycerol from the membrane. Diacylglycerol, in turn, activates PKC (74) . Like diacylglycerol, TPA activates PKC (75, 76) . Thus, TPA stimulation of melanocytes may mimic some UVmediated effects on cells. It is interesting, therefore, that UV increases NGF expression in keratinocytes and that TPA increases the expression of both p75 NGF receptor (3) and trk, the high affinity NGF receptor, in melanocytes. Concomitantly, UV decreases NT-3 expression in fibroblasts and TPA decreases the expression of trk-C in melanocytes.
Significant downregulation of NT-3 mRNA in fibroblasts was also detected within hours after mitogenic stimulation, known from previous studies to induce fibroblast growth (77) . In vivo, such conditions are present almost exclusively during wound healing, while in steady-state conditions of undamaged skin, fibroblasts rarely proliferate. We would like to speculate that, in analogy to the CNS, fibroblasts constitutively produce NT-3 and melanocytes express trk-C in normal undamaged skin, while, after damage to the skin, NT-3 and trk-C are downregulated and NGF and trk are upregulated. Further studies are required to confirm that NT-3 is produced in vivo by dermal fibroblasts and to delineate the roles for NT-3 and NGF in normal, injured, and diseased human skin.
Melanocytes supplemented with NT-3 appear more dendritic than control melanocytes maintained in 872 --603 -mediates melanocyte survival rather than dendrite formation, or that certain components required to promote melanocyte dendricity in the presence of NT-3 were not present in our experiment. In vivo, melanocytes display dendrites in the presence of surrounding keratinocytes. However, melanocytes in vitro do not display dendritic morphology unless they are stimulated with TPA or are cocultured with keratinocytes. To investigate possible paracrine effects of keratinocytes on melanocytes, we used keratinocyte/melanocyte cocultures. Our work suggests that keratinocyte-derived paracrine signals potentiate the TPA induction of trk expression in melanocytes. Under coculture conditions, trk expression in melanocytes is stronger than in TPA-stimulated pure melanocyte cultures. This is particularly interesting, given that keratinocytes are the predominant source for NGF in the epidermis (5, 6) and might, therefore, logically also produce factors that modulate the expression of its high affinity receptor.
Within 5 min of NGF stimulation, melanocytes demonstrated tyrosine phosphorylation of a broad band at a molecular mass of -130-140 kD, suggesting trk phosphorylation. An additional protein phosphorylated on tyrosine with a mol mass of -110 kD was observed as well. Moreover, two bands of -130 kD and 110 kD were also detected with anti-trk antibodies. The primary translational product of trk gene is a 110-kD GP that becomes further glycosylated, presumably during its transport to the plasma membrane, to yield a 140-kD GP (58) . Both the 110-and 140-kD proteins exhibit in vitro tyrosine kinase activity. Therefore, one possibility is that in melanocytes, both forms of trk represent the mature receptor and become phosphorylated upon stimulation with NGF. However, at least in NIH 3T3 cells, only the 140-kD isoform is localized on the cell surface, suggesting that only the 140-kD form is the mature receptor (58) . Another possibility, although unlikely, is that between the time of protein extraction and boiling of the samples, the 110-kD trk became phosphorylated in vitro.
Still another possibility is that the 110-kD band represents a component of the intracellular signal transduction induced by trk phosphorylation. trk activation leads to increase in phosphotyrosine of several proteins including extracellular signal-regulated kinases (51, 52) and phospholipase C (78) . The molecular masses of these specific proteins are not 110 kD, but other as yet unidentified second messengers could be phosphorylated on tyrosine after trk phosphorylation.
To our knowledge, the present study is the first attempt to show expression and modulation of the high afinity receptors to NGF and NT-3 in human neural crest-derived cells. Our results are consistent with a possible role for NTs in modulation of melanocyte function in skin.
